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Abstract: Submerged breakwaters based on Bragg resonance could be one of the measures used for
mitigating marine disasters and coastal erosion in nearshore areas. Here, flume experiments were
conducted to investigate the Bragg resonant reflection of waves propagating over porous submerged
breakwaters. Furthermore, the influence of permeability, relative width, relative height, and section
shapes of submerged breakwaters on Bragg resonant reflection were considered. This revealed that
the Bragg resonant reflection coefficient increased with the decrease in permeability and increase in
the relative height of submerged breakwaters. However, a slowing trend occurred when the Bragg
resonant reflection coefficient peak decreased with the increase in permeability and increased with
the increase in relative height. Moreover, the primary peak Bragg resonance increased with the
increase in the relative width of submerged breakwaters in the range of 0.1–0.3. This was consistent
with the numerical results of Ni and Teng (2021), to a certain extent, as the reflection coefficient
first increased and then decreased with the relative bar width. In addition, rectangular submerged
breakwaters demonstrated a better reflection effect than the trapezoidal submerged breakwaters, and
the triangular submerged breakwaters demonstrated a poor reflection effect.

Keywords: Bragg resonance; reflection coefficient; porous submerged breakwaters; horizontal seabed;
flume experiments

1. Introduction

Bragg resonance caused by a wave passing through undulating terrain can reflect the
partial wave energy back to the sea and enhance the offshore side wave energy density,
which can play a role in mitigating coastal erosion to a certain extent and provide a new
idea for wave energy generation. Bragg and Bragg [1] discovered Bragg resonance when
they used X-rays to study two parallel crystal structures. Since Davies [2] introduced Bragg
resonance to water waves, its interaction between surface water waves and periodically
undulating seabed topography has become an important topic in the field of water wave
hydrodynamics. Bragg resonance of waves exists when the wavelength of the undulating
seabed topography is an integral multiple of half of the incident wavelength, as shown
in Figure 1. Based on Bragg resonance, the undulating seabed topography can effectively
reflect the waves to protect the coast [3–13].
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Figure 1. Schematic sketch of the Bragg resonant reflection of water waves.

When researching Bragg resonance theory, Davies and Heathershaw [14] applied
perturbation theory to study the two-dimensional Bragg resonance of waves propagating
on a sinusoidal rippled bottom, which contains surface incident waves, surface reflected
waves, and topographic waves. Mei [15] explained a theory that sandbars can induce
a strong reflection once the Bragg resonance condition is met. Guazzelli et al. [16] found that
when the seabed topography was composed of two sine waves with different wavelengths,
the frequency band caused by wave Bragg resonance became wider. Rey et al. [17] also
applied the extended multi-scale method to study the characteristics of Bragg resonance,
and derived the theoretical solution of subharmonic resonance caused by the interaction
between free surface waves and topographic waves. Liu and Yue [18] implemented the
high-order spectrum method to establish the Bragg resonance model of the interaction
between waves and periodic undulating terrain, and pointed out that as the free wave
surface components increased, the characteristics of Bragg resonance become complex,
which includes harmonic and sub-harmonic resonance. Bragg resonance contains different
wave and topographic parameters. According to its occurrence conditions, Liu and Yue [18]
divided it into class I, class II, and class III. Peng et al. [19] relied on physical model
experiments to confirm the existence of class III Bragg resonance. In addition, the triad
resonance among free-surface waves, rippled bottoms, and ambient flow was further
understood by applying multiple-scale expansion perturbation analysis and was captured
by implementing flume experiments under critical flow conditions for resonant wave
components [20]. Yu [21] studied the phenomenon and mechanism of the downshift
of the primary frequency of Bragg resonance based on the wave numerical model of
the higher-order spectral method and flume experiments, and Peng et al. [22] used this
basis to deduce the theoretical solution of the downshift of the wave frequency of Bragg
resonance. In conclusion, the occurrence conditions, resonant characteristics, resonant
primary frequency, reflection coefficient, and reflection bandwidth of Bragg resonance
has been comprehensively studied, which provides a basis for applying it to the coastal
protection of submerged breakwaters.

In a study of the applications of Bragg resonance, Bailard et al. [23] proposed that
Bragg resonant submerged breakwaters could be a new method for protecting the coast
from waves. The effects of parameters such as section shapes, bar height, bar width, num-
ber of bars, and seabed slope on Bragg reflection were investigated by applying theoretical
analysis and numerical simulation methods [24–30]. Tang and Huang [31] found that
submerged breakwaters with sinusoidal sections presented the strongest reflection on the
waves, but submerged breakwaters with rectangular, trapezoidal, and other sections could
be added to simplify the construction process. Hsu et al. [32] studied the interaction charac-
teristics between regular waves and submerged breakwaters with rectangular sections in
wave flumes, and found that the maximum reflection did not appear where the ratio of the
topographic wavelength to incident wavelength equaled 1/2, but shifted to a smaller value,
as the theory did not consider viscous and nonlinear effects. Moreover, Ouyang et al. [33]
applied a numerical simulation and found that a certain degree of reflection occurred
when the breakwater spacing was about 1/4 of the incident wavelength. Liu et al. [34]
studied the wave reflection and transmission coefficients during different wave periods and
wavelengths with sinusoidal breakwaters, and also comprehensively considered oblique
and forward incident waves. Yueh et al. [35] analyzed Bragg reflection of water waves
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on submerged wavy plate breakwaters, and found that the wave reflection effect of wavy
plate breakwaters was better than that of the horizontal plate. This research can provide
adequate analysis and sufficient guidance for applications of submerged breakwaters based
on Bragg resonance intended to protect the coast.

In addition, the Bragg reflection of porous submerged breakwaters is also considered
in practical engineering, and these gaps are more conducive to water exchange and fish
survival. At the same time, there is a significant effect on Bragg resonance. Mase et al. [36,37]
developed a time-dependent wave equation for waves propagating over permeable rippled
beds that considered the effects of porous media and analyzed the influence of seabed
permeability on Bragg reflection. Zhang et al. [25] applied the numerical method to study
the wave motion and seabed response around multiple permeable submerged breakwaters
on a horizontal seabed. Ni and Teng [29,30] derived a modified mild-slope equation for
water wave propagation over a porous seabed and studied the effects of permeability,
height, width, and number of porous rectangular and trapezoidal bars on Bragg resonance,
respectively, which were fixed on a sloping permeable seabed. Mohapatra et al. [38]
investigated the Bragg scattering of surface waves by using a slender pile-supported
submerged wavy porous plate and applying the numerical model, while including the
assumption of small amplitude water wave theory. In conclusion, Chinese and foreign
researchers have studied the influence of parameters such as bar size, as well as bar section
shapes and layout on Bragg resonance, which provides a basis for enhancing the resonance
strength and optimizing configuration. However, most research is based on theoretical
analysis and numerical simulation, and few experimental studies focus on the permeability
of Bragg submerged breakwaters.

In this study, Bragg resonant reflection on porous submerged breakwaters is studied
by conducting a series of flume experiments that provide a reference for the theoretical and
numerical results. A detailed analysis of the permeability, relative width, relative height,
and section shapes of bars on Bragg resonant reflection is presented based on experimental
data. In order to help readers to clearly understand the experimental process, some detailed
experiment steps are introduced in Section 2, including the wave flume, porous bars, wave
parameters, and experimental conditions. In Section 3, the influence of several important
parameters, such as the permeability, relative width, relative height, and section shapes
of bars on the Bragg resonant reflection are discussed and compared with other studies.
Finally, the conclusions of this paper are discussed in Section 4.

2. Experimental Setup and Conditions
2.1. Wave Flume and Porous Submerged Breakwaters

The Bragg resonant reflection of porous submerged breakwaters was measured using
the wave flume (70 m long, 1.2 m wide, and 1.7 m deep) at the Zhejiang Institute of
Hydraulics and Estuary. The flume was equipped with a servo motor to generate regular
and irregular waves with different wave spectra, while a porous wave absorber with a slope
of 1:7, composed of grids and floating foam plates was installed at the end of the flume
to absorb the incident wave energy. The porous bars composed of steel wire mesh and
filler blocks were fixed in the test section of the flume. Furthermore, the DJ 800 sensor data
acquisition system developed by the Chinese Institute of Water Resources and Hydropower
Research was used to measure the wave parameters. The water surface elevations around
the bars were measured by implementing six capacitance wave gauges, identified as
WG.1–6, as shown in Figure 2. The method that Goda and Suzuki [39] proposed was
applied to separate the incident and reflected waves. The spacing between WG.1 and WG.2
was set to 0.2 m, and the spacing between WG.2 and WG.3 was set to 0.3 m. The typical
time histories of the free surface elevations are shown in Figure 3, where the stable surface
elevations are between T1 and T2. The sampling interval of the wave gauges was 0.02 s, and
each sampling time was 81.92 s. In order to ensure the reliability of the experiment, these
gauges were calibrated in a small water tank before the tests and each case was repeated
three times, after which the average values of the results were taken.
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The spacing between the submerged breakwaters with rectangular, triangular, and
trapezoidal sections was set to 1m, which were composed of prefabricated alloy cages and
different fillers, as shown in Figures 4–6. The alloy cage frame was made of aluminum, and
the specific parameters are shown in Figure 7 and Table 1, where h is the water depth, B is
the bar width, B0 is the short bottom edge of the trapezoidal bars, D is the bar height, and
S is the spacing of the two adjacent bars.
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Table 1. Size of porous submerged breakwaters.

Section
Shapes Long (m) B (m) D (m) B0 (m) S (m)

Rectangle 0.5 0.1 0.1 - 1.0
Triangle 0.5 0.1 0.1 - 1.0

Trapezoid 0.5 0.1 0.1 0.06 1.0

The permeability of the porous submerged breakwaters was determined by applying
the drainage method [40]. In order to reduce the measured error resulting from the fillers,
they were soaked in water for more than 5 h before measurement. At first, an appropriate
amount of water was added into the container, and the volume was recorded as V1. Next,
the fillers were put into the container so they were flush with the water surface, and the
volume was recorded as V2. Then, the permeability of the porous submerged breakwaters
ϕ can be expressed as

ϕ = V1/V2 (1)

where V1 is the volume of water in the initial state in cubic centimeters (cm3), and V2 is the
total volume of the filler flush with the water surface in cubic centimeters (cm3).

Finally, the permeability of filler A was 68.85%, filler B was 49.81%, and filler C was
31.26%, as shown in Table 2.

Table 2. The permeability of the fillers.

Fillers V1 (cm3) V2 (cm3) ϕ (%)

A 30,937.48 44,934.61 68.85
B 29,186.32 58,595.26 49.81
C 32,370.26 103,551.70 31.26

2.2. Wave Parameters and Experimental Conditions

The regular wave was employed as the incident wave for this experiment, and the
water depth h, wave period T, and wave height H were the main parameters controlling
wave making. The wave height was 0.04 m, and the water depth was 0.25 m, 0.30 m, and
0.40 m, respectively. The wave period T varied with the ratio of twice the distance between
the adjacent submerged breakwaters to the wavelength is 2 S/L, and 2 S/L is equal to
0.80, 0.86, 0.91, 0.94, 0.97, 1.00, 1.04, 1.12, and 1.21. The main factors affecting the Bragg
resonant reflection are the permeability, height, width, spacing, section shape, and number
of submerged breakwaters. In this study, the number of bars N was fixed at 4, and the
effects of permeability ϕ, relative width B/S, relative height D/h, and section shapes on
the Bragg resonant reflection were investigated respectively, as shown in Table 3.

Table 3. Experimental cases and conditions.

Case h (m) T (s) H (m) ϕ (%) Section Shapes B (m) D (m) N

1 0.25 1.20–1.70 0.04 0, 31.26, 49.81,
68.85, 100 Rectangle 0.2 0.1 4

2 0.25 1.20–1.70 0.04 68.85 Rectangle 0.1, 0.2,
0.3 0.1 4

3 0.25, 0.30, 0.40 1.05–1.70 0.04 68.85 Rectangle 0.3 0.1 4

4 0.25 1.20–1.70 0.04 68.85 Rectangle, triangle,
trapezoid 0.2 0.1 4

3. Experimental Results

It is widely known that Bragg reflection will occur when the ratio of double submerged
breakwaters spaced to wavelength 2 S/L is near an integral multiple [14,15]. Therefore, this
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phenomenon and the change in reflectivity are discussed using the parameter 2 S/L. This
part analyzes the correlation between ϕ, B/S, D/h, section shapes, and the wave reflection
coefficient KR, which is expressed by the ratio of the amplitude of the reflected wave to
that of the incident wave.

3.1. Influence of Bar Permeability on Bragg Resonant Reflection

Whether periodic submerged breakwaters are permeable will change the attenuation
mechanism of the waves propagating on varying bottom structures. A certain bar elevation
was selected in the test to ensure that wave breaking would not occur. In this section, the
influence of submerged breakwater permeability on Bragg resonant reflection is discussed
in detail, and some observations during the tests are presented. In addition, the reflection
coefficients at different permeabilities measured in this study were compared with the
experimental study conducted by Mase et al. [36]. The controlled parameters were given
as N = 4, B = 0.2 m, D = 0.1 m, S = 1.0 m, h = 0.25 m, and H = 0.04 m. The submerged
breakwater section was rectangular. We let 2 S/L vary from 0.8 to 1.21, and T varied from
1.2s to 1.7s. The permeability of the submerged breakwater was 0 (solid bars), 31.26%,
49.81%, 68.85%, and 100% (no bar), respectively.

The experimental results are plotted in Figure 8. This indicates that the Bragg resonant
reflection coefficient first increased and then decreases in the range of 2 S/L 0.8–1.21, and
its peak value is near 0.95. This agrees with the results of Liu et al. [34], Mase et al. [36],
Heathershaw [41], and Chang et al. [42]. Theoretically, the peak value of Bragg resonance
dominant frequency appeared at a 2 S/L equal to 1, and this difference could be explained
by the downshift of wave frequency for Bragg resonance [22]. Another phenomenon
that could be observed is that the Bragg resonant reflection coefficient decreased with
the increased permeability. The same conclusion could be obtained from the numerical
results of Ni and Teng [29]. When the permeability of submerged breakwaters was 0,
31.26%, 49.81%, and 68.85%, the measured peak reflection coefficient was 0.287, 0.210, 0.171,
and 0.152, respectively. When there was no bar on the bottom bed, there was still a small
reflection coefficient, which could be due to the errors as a result of the process of separating
the measured waves into incident and reflected waves. The calculations and analyses
showed that the reflection coefficients of the submerged breakwaters with a permeability
of 31.26%, 49.81%, and 68.85% were reduced by 26.83%, 40.42%, and 47.04%, respectively,
compared with the submerged breakwaters with a permeability of 0. Furthermore, it was
found that a slowing trend occurred when the Bragg resonant reflection coefficient peak
decreased with the increased permeability, as shown in Figure 9.
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Figure 9. Variation of Bragg resonant reflection coefficient peak KRmax with permeability ϕ.

Figure 10 shows the results from this experiment compared with those of
Mase et al. [36]. Mase et al. [36] employed porous trapezoidal submerged breakwaters
on a flat bottom terrain, and the number of bars was fixed at 4. The solid and dotted lines
in Figure 10 represent the theoretical predicted value under impermeable and permeable
conditions, respectively. The hollow squares and circles represent the test values under
impermeable and permeable conditions measured by Mase et al. [36]. The Bragg resonant
reflection coefficient of permeable bars was smaller than that of the impermeable bars and
decreased with the increased permeability. This was because when waves propagate on the
bottom bed of the submerged breakwaters, some fluids passed through the pores of the
submerged breakwaters, which weakened the Bragg resonant reflection.
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Figure 10. Comparison of experimental values of porous bars on the horizontal seabed
(Mase et al. [36]).

3.2. Influence of the Relative Width on Bragg Resonant Reflection

This section discusses the influence of the relative width of submerged breakwaters
B/S on the Bragg resonant reflection coefficient, which is defined by the ratio of a single
bar width B to spacing between two adjacent bars S. In this study, we set N = 4, ϕ = 68.85%,
D = 0.1 m, S = 1.0 m, h = 0.25 m, and H = 0.04 m. The submerged breakwaters were
rectangular and T varied from 1.2s to 1.7s. The values of B/S were 0.1, 0.2, and 0.3,
respectively. The reflection coefficient KR against 2 S/L for 2 S/L varying from 0.8 to 1.21
was calculated and is presented in Figure 11. When 2 S/L was near 1, the Bragg resonant
reflection coefficient reached its maximum and there was a trend of first increasing and
then decreasing to near 1. When the relative bar width was 0.1, 0.2, and 0.3, respectively,
the measured peak reflection coefficient was 0.119, 0.152, and 0.162. The situation without
submerged breakwaters has been described in the previous section. The calculations and
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analyses show that the peak reflection coefficient with a relative bar width of 0.2 and 0.3
increased by 27.73% and 36.13% compared with the relative bar width of 0.1.
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The relationship between the peak value of Bragg resonant reflection coefficient and
B/S is plotted in Figure 12, and the results of Chang et al. [42], Ni and Teng [29], and this
test are compared. Different views have been expressed regarding this point. Chang [42]
and Tsai [43] pointed out that when submerged breakwaters had a smaller relative width,
in other words, when the distance between submerged breakwaters was larger, the Bragg
reflection phenomenon was more obvious and the peak reflection coefficient was larger.
However, Liu et al. [28], and Ni and Teng [29], found that a particular value of the bar width
could maximize the Bragg resonant reflection. When the relative bar width increased from
B/S = 0.1 to B/S = 0.5, the peak value of the Bragg resonant reflection coefficient increased
gradually. However, when the relative width continued to increase from B/S = 0.5 to
B/S = 0.9, the peak value of the Bragg resonant reflection coefficient decreased instead,
as shown in Figure 12. Furthermore, this coefficient increased with the increased relative
width in the range of 0.1–0.3. This is somewhat consistent with the numerical results from
Liu et al. [28], and Ni and Teng [29]. Moreover, additional experimental conditions should
be implemented to prove this conclusion.
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3.3. Influence of the Relative Height on Bragg Resonant Reflection

This section describes the influence of relative height on Bragg resonant reflection.
Figure 13 shows the measurement results of the Bragg resonant reflection coefficient that
varies with the relative bar height D/h, where the porous submerged breakwater section
is rectangular, N = 4, ϕ = 68.85%, B = 0.3 m, S = 1.0 m, and H = 0.04 m. The relative
height D/h had three values of 0.25, 0.33, and 0.40, where the bar height D was fixed
at 0.1 m, and the relative bar height varied by changing the water depth h. Moreover,
2 S/L varied from 0.80 to 1.21, and T increased from 1.05 s to 1.70 s. Similarly, the overall
trend increased first and then decreased, and the maximum reflection coefficient appeared
when the incident wavelength was almost twice the spacing between the two adjacent
bars. Moreover, according to the experimental results, when the relative height was in the
range of 0–0.40, the Bragg resonant reflection was positively correlated with the relative
bar height, that is, a higher relative height indicated a greater reflection coefficient. When
the relative height was 0.25, 0.33, and 0.40, the peak values of the Bragg resonant reflection
coefficient were 0.078, 0.130, and 0.162, respectively. The peak reflection coefficient with
a relative height of 0.33 and 0.40 was twice and two-thirds higher than that with a relative
bar height of 0.25.
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According to the numerical calculations and experimental results of Guazzelli et al. [16]
and Chang et al. [42], when the amplitude of the sand ripple bottom bed increased,
the intensity of the Bragg reflection and its reflectivity bandwidth could be increased.
Chang et al. [42] pointed out that the increased bar height contributed to the increased over-
all reflectivity in the research results related to the equally spaced series of
submerged breakwaters.

Figure 14 shows the results of the comparisons with previous studies. The hollow
label is the experimental results of Davies and Heathershaw [14] in the sinusoidal sand
ripple bottom bed, and the solid label is the experimental results of the rectangular series of
submerged breakwaters by Chang et al. [42], both of which did not consider permeability.
The red plus sign was the test results of a series of rectangular submerged breakwaters with
a permeability of 68.85%. The graph shows that the peak reflection coefficient increased with
the increase in the relative height of the submerged breakwaters or the sand ripples, whether
it was the sinusoidal sand ripple bed and the rectangular submerged breakwaters, while
not considering permeability, or the rectangular submerged breakwaters, while considering
permeability. The reason is that when the relative height of submerged breakwaters or
sand ripples increased, the water depth at the top of the bars decreased. When the waves
propagated on the undulating topography, the interaction with the bars or sand ripples
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intensified, so the peak reflectivity also increased. However, a slowing trend occurred
when the Bragg resonant reflection coefficient peak increased with the increased relative
bar height.
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3.4. Influence of Section Shapes of Bars on Bragg Resonant Reflection

Finally, the influence of different submerged breakwater section shapes on the Bragg
resonant reflection is investigated. If N = 4, B = 0.2 m, D = 0.1 m, S = 1.0 m, ϕ = 68.85%,
h = 0.25 m, and H = 0.04 m, the section shapes of submerged breakwaters are fixed as
a rectangle, triangle, and trapezoid. Moreover, 2 S/L varied from 0.8 to 1.21, and T varied
from 1.2 s to 1.7 s. The results are plotted in Figure 15, which shows the experimental values
of the Bragg resonant reflection coefficient with different section shapes of bars. The varia-
tion of the reflection coefficient with 2S/L was the same as in the previous three sections.
Moreover, it was shown that in the same conditions, the rectangular submerged breakwa-
ters had the best Bragg resonant reflection coefficient with a value of 0.162. Moreover, the
trapezoidal submerged breakwaters were ranked second with a reflection coefficient of
0.133, while the triangular ones had a poor reflection effect with a value of 0.107.
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As shown in Figure 16, the numerical results of the rectangular, trapezoidal, and
triangular bars from Cho et al. are represented by the red, green, and blue dotted lines,
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respectively. [5]. In addition, the red square, green circle, and blue triangle represented
the test values for the rectangular, trapezoidal, and triangular submerged breakwaters,
respectively. According to the test results, the trend of the graphics was consistent with the
numerical results from Cho et al. [5]. The rectangular section had a better reflection effect
than the trapezoidal section, and the triangular section had a poor one. The small reflection
coefficient in our test was mainly due to the influence of the permeability of the submerged
breakwaters, while Cho et al.’s research focus was solid submerged breakwaters. In addi-
tion, this was also related to the relative width and height of the submerged breakwaters. In
the work of Cho et al. [5], the primary frequency of the rectangular submerged breakwaters
appears where 2 S/L was close to 0.8, and the primary frequency had an obvious downshift,
which was not obvious in this experiment.
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Figure 16. Comparison of the Bragg resonant reflection coefficient KR with section shapes of bars
(Cho et al. [5]).

It must be mentioned that there were also some improvements that needed to been
paid more attention in this experiment. The experimental layout restricted the length of the
models and did not cover the full width the flume, which would induce wave scattering
effects emanating from the end sections of the submerged models that could affect reflected
wave. This study mainly focused on the influence of the porous submerged breakwaters
on the Bragg resonant reflection based on the overall trend of the Bragg resonant reflection
coefficient, so the specific measurement value had little influence. Similarly, compared with
previous research results, the incompletely consistent parameters, such as bar permeability,
number of bars, relative width, and wave period, did not affect the overall trend of the
experimental results.

4. Conclusions

In order to further study the Bragg resonant reflection of waves propagating on porous
submerged breakwaters, flume experiments were applied to investigate the effects of
permeability, relative width, relative height, and section shapes of porous submerged
breakwaters on Bragg resonant reflection. The results have a lot in common with previous
research, and additional detailed results were found.

When the ratio of the double adjacent submerged breakwater spacing to wavelength
nears 1, the reflection coefficient reaches its peak, and its primary frequency shifts down
to a certain extent. Bragg resonant reflection coefficient increases with the decreasing
permeability and increasing relative height of the submerged breakwaters. However,
a slowing trend occurs when the Bragg resonant reflection coefficient peak decreases with
the increased permeability and increases with the increased relative height. This coefficient
increases with the increased relative width in the range of 0.1–0.3. This somewhat verifies
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the numerical solutions from Liu et al. [28], as well as Ni and Teng [29], that the reflection
coefficient first increases and then decreases with the relative width. Among the submerged
breakwaters with rectangular, triangular, and trapezoidal section shapes, the rectangular
submerged breakwaters show a better Bragg resonant reflection effect and the trapezoidal
ones are ranked second. The triangular ones have a poor reflection effect.
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